The leaf essential oils of twelve species of Piper (Piperaceae) from Monteverde, Costa Rica (Piper aequale, Piper amalago, Piper biasperatum, Piper bredemeyeri, Piper dotanum, Piper fimbriulatum, Piper glabrescens, Piper imperiale, Piper lanceifolium, Piper nemorense, Piper oblanceolatum, and Piper sp. A near aereum) have been obtained by hydrodistillation and analyzed by GC-MS. The Piper leaf oils have been screened for antibacterial activity against Bacillus cereus, Staphylococcus aureus, and Escherichia coli; for Artemia salina (brine shrimp) lethality; for in-vitro cytotoxic activity against MCF-7 (human breast tumor) cells; and inhibition of the cysteine protease cruzain. A cluster analysis comparison with previously published Piper leaf oil compositions was carried out in order to discern the differences and similarities between the volatile chemical compositions of Piper species.
. None of the essential oils were active against the Gram-negative organism E. coli. P. bredemeyeri, P. fimbriulatum, P. oblanceolatum, and Piper sp. A leaf oils showed marginal activity against B. cereus, and Piper sp. A was also active against S. aureus. All of the leaf oils except for P. bredemeyeri and P. nemorense showed notable brine shrimp lethality. Interestingly, these two essential oils also showed no in-vitro cytotoxic activity against MCF-7 tumor cells. The other essential oils did show some degree of cytotoxicity, with P. biasperatum, P. glabrescens, P. imperiale, P. oblanceolatum, and Piper sp. A, showing good (>90% killing at 100 µg/mL).
McLaughlin and co-workers had previously noted a correlation between brine shrimp lethality and 9KB or P388 cytotoxicity [3f]. P. bredemeyeri leaf essential oil showed excellent cruzain inhibitory activity (IC 50 ~1 µg/mL). This result is especially noteworthy in light of the absence of cytotoxic activity.
The pronounced cytotoxic activity of P. biasperatum leaf oil is likely due to the very high concentration of β-elemene (46.4%), which has been shown to be cytotoxic to a number of tumor cell lines [4]. Tricyclene Camphene β P. amalago (slightly cytotoxic) and P. bredemeyeri (not cytotoxic) also have high concentrations of β-elemene (24.6% and 34.0%, respectively), however. P. imperiale leaf oil was rich in bicyclogermacrene (19.7%), as was P. biasperatum (14.1%), and also showed notable cytotoxic activity. To our knowledge, the cytotoxic activity of bicyclogermacrene has not been investigated. Although P. glabrescens was rich in the monoterpenes α-pinene and limonene, we have found neither of these compounds, alone or in combination, to be particularly cytotoxic to MCF-7 cells [5a] , so it is not clear what compounds account for the cytotoxic activity of P. glabrescens leaf oil. It is not clear what compounds are responsible for the cytotoxicity of P. oblanceolatum. The essential oil was rich in linalool (11.3%), (E)-caryophyllene (6.8%), germacrene D (8.9%), and δ-amorphene (9.0%).
We have found neither linalool nor (E)-caryophyllene to be particularly cytotoxic to MCF-7 cells alone, but in combination they exhibit enhanced synergistic cytotoxicity [5a] . Germacrene D has shown cytotoxicity to and that compound may also be contributing to the activity. To our knowledge, the cytotoxicity of δ-amorphene has not been determined. Piper sp. A (near aereum) was rich in the oxygenated sesquiterpenoids guaiol (41.2%), α-cadinol (9.2%), and torreyol (5.8%). There are apparently no reports on the cytotoxicity of guaiol or torreyol, but αcadinol has shown cytotoxic activity against MCF-7 cells [6] . The leaf essential oil of P. bredemeyeri was composed of 99.8% sesquiterpene hydrocarbons, and it was especially abundant in β-elemene (34.0%), (E)-caryophyllene (24.2%), germacrene D (21.7%), and germacrene A (11.4%) (note that β-elemene is the Cope rearrangement product of germacrene A). It is likely that the sesquiterpene hydrocarbons are responsible for the pronounced cruzain inhibitory activity of the oil. We have found that both (E)-caryophyllene and germacrene D show cruzain inhibitory activity alone (IC 50 = 32.5 and 22.1 µg/mL, respectively) and synergistic activity together (IC 50 = 9.9 µg/mL) [7] . It is noteworthy that the relatively inactive oils, in terms of cruzain inhibition, had relatively low concentrations of sesquiterpene hydrocarbons: P. aequale, 12.4% sesquiterpenes, IC 50 = 147 µg/mL; P. lanceifolium, 9. 8% sesquiterpenes, IC 50 = 156 µg/mL; and P. glabrescens, 15.3% sesquiterpenes, IC 50 = 81 µg/mL.
Because of the wide variation in chemical profiles for the Piper leaf oils in this present study, we carried out a cluster analysis of leaf oil compositions from other Piper species published in the literature (Figure 1 ) in order to assess the differences and similarities in the leaf essential oils. The most striking feature of the cluster analysis is the general dissimilarity of chemical profiles for the Piper leaf oils. Thus, the only apparent clustering occurs among P. aduncum samples and P. amalago samples. Mundina et al. [3a] had noted very different chemical profiles for P. lanceifolium with at least three different chemotypes in Costa Rica. Parthasarathy and co-workers had examined Pipers from southern India using qualitative morphological characters for their clustering analysis [8] , but there is no overlap between the taxa in their study and this current chemical analysis. More data are needed from Piper leaf essential oils, new species as well as additional samples from species already examined, in order to sort out the chemical differences and similarities between and within species of Piper.
Piper leaf essential oils have shown biological activity in one or more assays, but the activities exhibited cannot necessarily be explained by the presence of individual components. Synergistic or antagonistic effects of essential oil components may be responsible for some of the inconsistencies in bioactivities of the Piper leaf oils. The leaf oil chemical compositions, at this time, do not show discernible chemotaxonomic trends.
Experimental
Plant Materials: Leaves of P. aequale, P. amalago, P. biasperatum, P. bredemeyeri, P. dotanum, P. fimbriulatum, P. glabrescens, P. imperiale, P. lanceifolium, P. nemorense, P. oblanceolatum, and Piper sp. A near aereum were collected from mature trees in the Monteverde region of the Cordillera de Tilarán in northwestern Costa Rica. The plants were identified by W. A. Haber. Voucher specimens have been deposited in the herbarium of the Missouri Botanical Garden. The fresh leaves of each plant were chopped and hydrodistilled using a Likens-Nickerson apparatus to give the essential oils (Table 1) .
GC-MS Analysis:
The leaf essential oils of the Piper species were subjected to gas chromatographicmass spectral analysis using an Agilent 6890 GC with Agilent 5973 mass selective detector, fused silica capillary column (HP 5ms, 30 m x 0.25 mm), helium carrier gas, 1 mL/min flow rate; injection temperature 200°C, oven temperature program: 40°C initial temperature, hold for 10 min; increased at 3°C/min to 200°C; increased 2°/min to 220°C, and interface temp 280°C; EIMS, electron energy, 70 eV. Each sample was dissolved in CHCl 3 to give a 1% w/v solution; 1-µL injections using a splitless injection technique were used. Identification of oil
